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Fast calculation techniques of computer-generated hologram
for next-generation three-dimensional television system
Takashi Nishitsuji
Abstract: Three-dimensional (3D) display system using electro-holography is
referred to as an \ultimate 3D technology" because it can reconstruct the 3D image
which fullls the requirements of human's 3D perception, such as accommodation,
congestion, and parallax. However, the enormous computational amount required
in the system is an issue for the practical uses.
In this study, I developed the reduction algorithms of the computational amount
for computer-generated holograms (CGHs), whose computational amount is the
heaviest in the electro-holography system, by following two approaches.
The rst algorithm is based on Look-Up Table (LUT) approach. LUT is a method
of replacing complex calculations with precalculated data, which is widely used for
reducing a computational amount. LUT is also applied to the CGH calculation;
however, it requires a large amount of memory space. Thus, I developed the com-
pression and decompression methods of LUT using the geometric symmetry of a
precalculated data and computer graphics technique. As a result, I succeeded in
calculating a CGH about 9 times faster than the conventional CGH calculation
method and reducing the required memory space by approximately one thousandth
compared to the conventional LUT method.
The second algorithm is a simple approximation method of the cosine function.
The cosine function is one of the heavy computation in the CGH calculation, so
that it could be the main target for reducing the computational amount. Exist-
ing approximation methods of cosine function such as a polynomial approximation
and LUT are not always appropriate for implementing a computer in terms of the
required memory size and computational load. On the other hand, the quality of
3D images in electroholography is known for robust for noises and a precision of the
calculation. Therefore, I developed the simple approximation method of cosine func-
tion using modulo, absolute and subtraction calculations. As a result, I succeeded
in calculating a CGH about 5 times faster than the conventional CGH calculation
method with keeping sucient image quality.
Key words : electroholography, computer-generated hologram, special-purpose
computer, real-time holography
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ops]??
PFrq = FROf Rw Rh N; (2.29)
????
????????????????????????????????????
?????????????????????????????? SLM?????
? LED( = 520[nm])???????????????????????????
??????
???SLM???????????????????????????????
?? 1.5[m]??????????????? 30????? 20?[48]??????
????????? SLM?????? prq??????????????????
???? (2.27)???
prq =
520[nm]
2 sin(30=2)
 1[m]; (2.30)
?????????????,????????? 30?????????? SLM
??? (W H)??
W = 1:5[m] tan(15) 2  0:8[m]; (2.31)
H = 1:5[m] tan(15) 2  0:8[m]; (2.32)
????????SLM??????????????????????????
??????????????? SLM?????? (Rw  Rh)??? (2.30)??
(2.31)?? (2.32)???
Rw = W=prq  800; 000[pixel]; (2.33)
Rh = H=prq  800; 000[pixel]; (2.34)
?????????? 6,400?????????????? SLM [6]?? 200??
??????? 8[m]????????????????????
??????????????????? (2.20)???CGH???? 1????
1???????????????????????????????AMD??
15h??CPU???????????????????????????????
?????? [49]???
Of  205? (2.35)
???????????? (2.20)????????? rj ???? (2.14)????
(x; y); (xj; yj; zj)??????????????????? (ADD)??????
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?? (FADD)????????? 1=6???????????????Of ???
????
?????????? 30[fps]????????? 50????????????
????????????????? PFrq??? (2.29)?? (2.33)?? (2.34)??
(2.35)???
PFrq = 30 205 800000 800000 500000  2 1021[Flops]; (2.36)
???????????????????????????????????CPU
???GFlops???????????????????????
?????????????????? SLM????????????????
?????????????????????????????????????
?????????????????????????
????????? 2??????????????????????????
???CGH??????????????
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?3? ??????????????
???
?????CGH???????????????????????????CGH
??????????????????????????????????????
??????????????????????????????????????
?????????(1)FPGA?GPU???????????????? [11{17]?
(2)??????????? [18{34]???? ????
????????????????????????????
3.1 ???????????
CGH?????????????FPGA?GPU??????????????
??????????? [11{17]?
FPGA?????????????????????????????????
????????????????CPU???????????????????
?????????????????????????????????????
??CGH?????HORN1??FPGA???????????????????
?????????CGH????????????????????HORN-82?
???????????????????? CGH??????????????
?? [15{17]?
GPU?????? CG????????????????????3DCG??
??????????????????GPU?????????????????
????? CG?????GPU????????General Purpose computing on
Graphic Processing Unit (GPGPU)????NVIDIA????Compute Unied De-
vice Architecture?CUDA)?????????????? Open Computing Lan-
guage (OpenCL)?????????????????????????????
? [50]?CGH????? (2.22)?????????CGH????????????
???????CG?????????????GPU??????????????
1HOlographic ReconstructioN???
2??????????????
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FPGA??????????????????????????????? [11{13]?
??? Intel Xeon Phi????????????????????? [14]?
3.2 ???????????
3.2.1 ?????
????????????????????????????????????
??????? 2??????????????????????? [18,19,22,23]?
????? 3.1????
? 1?? (STEP1)????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
??????????????????????????????? (2.26)???
??????? Dmax ???????????????????????????
???????????Rw???????????????????????
Rw = dw  tan Dmax : (3.1)
????dw??????????????????Rw / dw??????dw??
???????? 1??????????????
? 2??????????????Fast Fourier Transform : FFT???????
??????? [39]????????????????????????????
????????????????????????????? 2???????
??????????????????
3.2.2 ????
????????????????????????????????????
??????????? [24{26]???????????????????????
?? 3.2??????????????????????????????????
? (2.24)???????? (xj; yj)???xj???n??????? (xj+n; yj)
??????n??
n =
p

(
zj +
(xj + n)
2 + y2j
2zj
)
; (3.2)
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????
?????
CGH
W
Γ
Step1
Step2
? 3.1: ?????????
???
??????
),,(
jjj
zyx
α
x
α
y  0Θ  1−Θn  nΘ
j
z
? 3.2: ????
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???????????
0 =
p
2zj
(2xj + 1); (3.3)
  =
p
zj
; (3.4)
?????
n 1 = 0 + (n  1) ; (3.5)
???????n?n????????
n = n 1 +n 1; (3.6)
n  n 1 =  ; (3.7)
??????? (3.6)?? (3.7)???????????????????????
?????????????????????????????????????
???CGH?????HORN [15{17]?????????
3.2.3 LUT?
LUT??????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????
CGH?????? LUT??????????????CGH???HORN??
? (2.22)?????????????????????????????????
??????????????????
????????????????????????????????????
??????????????????????????????? [28{33]???
???????????????? \Principle Fringe Pattern(PFP)" [29{31]???
????????? 3 [32,33]????????????????????????
?????????????????? 3.3????
? (2.14)?? (2.22)??????????????? (xj; yj)????????
??????????????? zj??????????????????? zj?
?????????????????????????????????????
??????????????????????????????? CGH???
???????????????????? (3.1)???zj???????????
3?????????????????????????????????
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? 3.3: ?????????
???????????????? LUT???????????????????
S. C. Kim???? [29]?????256??????? 1.8[GB]?????????
??????FPGA?GPU?????????????????????
????????????????LUT??????????????????
? 1??????????????????????????? [30{33]?S. C. Kim
??? (2.24)? x; y????????????????????????????
????? 1????????????????????????????? [30]?
????????????z????????????????????????
?????????????????????????????????????
???????????????????????? [31]???????????
????????????????LUT?????CGH???????????
????
CGH??????????????????????????????????
?????????????????????????????????????
????????????????
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?4? ??????????????
???LUT?
???????????????LUT???????????????????
?? LUT? [32]????????????? [33]??????????????
???????? [51]???????????????????????????
????
??????????????? 3.3????????????????????
LUT????????????????CG?????????????????
? [32]???????????CGH????????????\Crepe and Stamp
(CS)?"?????????????????????????????????
???????????????????????????????????CS?
???????? \Run-Length Encoding based Crepe (RLE-Crepe)?"????
? [33]?
4.1 ????
??????? 4.1????CS????3???????CGH??????
4.1.1 STEP1?LUT???
????????????????????????? (2.22)????????
?????????????????????? SLM?????????????
?????? (3.1)????LUT??????????????????????
?? zj????
???LUT??????????????????????????????
? [32,51]???????? STEP1??????????????????????
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STEP2 ????????????
???????????
roll
roll
roll
???????????
j??????
zj
R
STEP3 ?????????????????
CGH
α
x
 αy
??????????????
STEP1 ??????????????????????? ???????
0 1 2 11 12 13 143 4 5 6 7 8 9 10
? 4.1: CS????
4.1.2 STEP2???????????
??????????????? zj ???? LUT???????????CG
??????????????? \Arithmetical circle algorithm" [52]??????
????????????RLE-crape? [33]?????????????????
?????????????????LUT??????????????????
?????????????????????????????????????
?????????????????????????????????????
??? \Crepe?"?????????????????????????????
???????????
4.1.2.1 Arithmetical circle algorithm
Arithmetical circle algorithm [52]?????????????????????
????????????? \Bresenham algorithm" [53]???????????
???????????? 4.2??????? (2.22)?????????????
???????Bresenham algorithm?Arithmetical circle algorithm??????
?????????????????????????????????????
?????????????????????????????????????
?????? 4.2(b)?? 4.2(c)???Arithmetical circle algorithm????????
???????Bresenham algorithm????????????????????
??????????????????????????????????????
Arithmetical circle algorithm??????? 4.3???????????????
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(c)
(a)
(b)
? 4.2: 2??????????????????:(a)? (2.22)?????????
?????(b)Bresenham algorithm???????(c)Arithmetical circle algorithm
??????
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? 1???????????????????????????????????
????????????????????????????? 4.3??? (X; Y )
????????(a),(b),(c)??? 3????????????????????
?????????????????????? F (X; Y )??
F (X;Y ) = X2 + Y 2  R2  R; (4.1)
??????? 4.1?????????????????????
???? (4.1)??Y ??????? 2Y + 1????X??????? 2X + 1
???????(a)?????F ? 2Y +1????(c)????? 2X +1????
(b)????? 2(X + Y + 1)????????????????????????
????????
X
Y
Y+1
Y+2
X-1X-2
(a)(b)
(c)
? 4.3: Arithmetical circle algorithm???
? 4.1: Arithmetical circle algorithm???????????????
?????? ????
(a) F > 2(Y  R)
(b) (a),(c)????????????
(c) F <  2X   1
24
4.1.2.2 RLE-Crepe?
Arithmetical circle algorithm???????????LUT??????? 1??
??????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????RLE-Crepe???
??? [33]?
15 15 15 15 15
14 14 14 14 14 15 15 15
13 13 13 13 13 14 14 14 15 15
12 12 12 12 12 13 13 13 14 14 15
11 11 11 11 11 12 12 13 13 14 14 15
10 10 10 10 10 11 11 12 12 13 13 14 15
9 9 9 9 9 10 10 11 11 12 13 13 14 15
8 8 8 8 9 9 9 10 11 11 12 13 14 14 15
7 7 7 7 8 8 9 9 10 11 11 12 13 14 15
6 6 6 6 7 7 8 8 9 10 11 12 13 13 14 15
5 5 5 5 6 6 7 8 9 9 10 11 12 13 14 15
4 4 4 4 5 6 6 7 8 9 10 11 12 13 14 15
3 3 3 4 4 5 6 7 8 9 9 10 11 12 13 14 15
2 2 2 3 4 4 5 6 7 8 9 10 11 12 13 14 15
1 1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
O 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
X
Y
? 4.4: ????????
? 4.4??????? (R)15????????????????????????
?????????????????????????????????????
???Arithmetical circle algorithm???????????? (0; 14)???????
LUT????????? Y 6= 0?????? 14???????????????
?????????????????????????????????????
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????????? \row-major"? \column-major"?????????????
?????????????????????????????????????
????????????????Arithmetical circle algorithm????????
??????????????????????????????????????
??????????
RLE-Crepe???????????????????????????????
?????????????????
1. ???????
2. ?????????????
3. ? 1???? Y ??????
????????????? 1???????????????????????
?????????????RLE-Crepe???????????????????
?????????????????????????????????????
?????????????????????????????
???????????? 4.5?????????? n?????Rn?????
??? ln????????????????? an; bn?????ln??
ln = floor(bn)  ceil(an) + 1? (4.2)
????????floor()??????ceil()????????????Rn???
??????????? rn????????????an; bn??????
an = fY 2 + (Y + n  0:5)2g 12 ; (4.3)
bn = fY 2 + (Y + n+ 0:5)2g 12 ; (4.4)
?????? (4.3) ?? (4.4)???
b2n = a
2
n + 2(Y + n); (4.5)
= a2n + dn; (4.6)
bn = (a
2
n + dn)
1
2 ; (4.7)
????????,
dn = 2(Y + n); (4.8)
a0 = 0; (4.9)
b0 = (Y + 0:25)
1
2 ; (4.10)
??????????an, bn, dn??????
an+1 = bn; (4.11)
dn+1 = dn + 2; (4.12)
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867
67
6767
67
69
69
8 68
6968 68 68 68 68 68 68 68 68 68 68 68
5.0+nR5.0−nR
na nb
nl
y
xY
Y-1
nR
? 4.5: ??????????? ( [33]????)
????bn; b2n?????? an+1; a2n+1???????????????????
???? (4.2)?? (4.6)?? (4.7)?? (4.12)???ln? 3???????? 1??
??????????????
4.1.2.3 ?????????
Crepe?????????????????????????????????
???????????????????????????? 4.6???????
???????????????????
?????????????????? (2.23)???????????????
??????????????????? (2.24)??????? (2.24)?????
exp??? 2???? x2j + y2j???????????????????????
?????????
x2j + y
2
j = R(xj; yj)
2; (4.13)
?????????R(xj; yj)???????????????????????
???????
Crepe??????LUT?????????????????????????
???R(xj; yj)?????????????????????????R(xj; yj)
????????????????????????????????? (X; Y )?
R(xj; yj) = R0? LUT??????????????????????????
??????????????? "?????
" = X2 + Y 2  R20; (4.14)
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0 1 2 3 4 5 6
0
1
2
3
4
5
6
 R
X
Y
ε
Θ+Θ
0
Θ
0
 
εR
R
+
0
0
? 4.6: ??????????
????(R0; 0)??????????????j(R0; 0)??? (2.24)???
j(R0; 0) = 2
p

 
zj +
R20
2zj
!
; (4.15)
??????(X; Y )??????j(X; Y )??? (4.14),? (4.15)???
j(X; Y ) = 2
p

 
zj +
R20 + "
2zj
!
; (4.16)
= 2
p

 
zj +
R20
2zj
!
+
2

 
"
2zj
!
; (4.17)
= 0j +"j; (4.18)
?????????????"j??
"j =
2

 
"
2zj
!
; (4.19)
??????????????????? (X;Y )??????????
Re[U(X; Y )] = cos(0j +"j); (4.20)
Im[U(X; Y )] = sin(0j +"j); (4.21)
????
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?????????????? (4.20)?? (4.21)???????
Re[U(X; Y )] = cos0j cos"j   sin0j sin"j; (4.22)
Im[U(X; Y )] = sin0j cos"j + cos0j sin"j; (4.23)
????"??????????0  "????????????????
sin()  ; (4.24)
cos()  1  1
2
2; (4.25)
???????? (4.22), ? (4.23)??
Re[U(X; Y )] =
 
1  
2
"j
2
!
cos0j  "j sin0j; (4.26)
Im[U(X; Y )] =
 
1  
2
"j
2
!
sin0j +"j cos0j; (4.27)
?????????????????????????????????????
?????????? (4.19)??????"j????? sin0j; cos0j????
??????????????????????
???? (4.25)????????
cos()  1; (4.28)
??????? (4.26)?? (4.27)??
Re[U(X; Y )] = cos0j  "j sin0j; (4.29)
Im[U(X; Y )] = sin0j +"j cos0j; (4.30)
???????????????????????????????? 2????
?????????? 1??????????????????????????
???????????
???? (4.14)?Arithmetical circle algorithm?????????? (4.1)??
???????????? "???????RLE-Crepe???? (4.14)?????
?????X;Y ???R????????
"j(X+1;Y;R)   "j(X;Y;R) = 2X + 1; (4.31)
"j(X;Y+1;R)   "j(X;Y;R) = 2Y + 1; (4.32)
"j(X;Y;R+1)   "j(X;Y;R) =  (2R + 1); (4.33)
(4.34)
?????????????????????
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4.1.3 STEP3???????????
????????????????? (2.15)?? (2.20), ???? (2.23)????
???????????xj; yj???????????????????????
????????????????????????????? 4.1??????
??????? (xj; yj)???????????????????????????
????????????????????????Crepe??????? \Stamp
?"????
4.2 ?????
???????????????????? CGH?????????????
?????????????????????????????????????
??????????????????CGH????? 4.2??????????
4.7??????????????CGH??????
? 4.9?? 4.10?? 4.3?? 4.4???????????????????? 4.5?
CGH??????????????????????????????CGH??
?????????????????? 4.11?? 4.12?????????????
? 4.13????
???????????????????????????
? 4.2: CGH????
CPU Intel Core i7-4970K 4.00GHz? (?????????
??? DDR3 PC-12800 8.0GB
OS Windows 7 Service Pack 1
????? Intel C++ Compiler 15.0
?????????? /arch:SSE3, /fp:fast=2, /O3, /Ob2
/Oi, /Ot, /Quse-inteloptimised-headers
??????? ???????? (double)
?????????? (oat)
CGH???? 1,9201,080 or 3,8402,160 [pixels]
4.2.1 ????
??? 2????????????????????
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(a) (b)
? 4.7: ?????????????(a)???????? 11,646??(b)?? 30,467?
1. ??????????????
2. ?????????
4.2.1.1 ??????????????
??????????????CGH????????????????????
??????????????????????????????????????
?CWO????? [54]??????????????????????? 80[m]
????? 50??????? 100??????????????????????
?????????????????????????????????????
????????????????????????????? 4.8??????
???????
??????????? 4???????????
1. ???????????? df
2. ????????A?? (2.20)????????????? 1???????
???
3. ??????????????????????????????????
??HWd
4. ???????????X??Y???????????HWXY
?????????????? (2.20)???????????????2.24???
CS??RLE-Crepe????????????????????????? 0.3[m]?
1.0[m]???????4.1.2.3????????????????????????
??????????????????????? (2.20)???????????
???????????????????????
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????
?
????
??????
??????
???????
??????
????
????
???
? 4.8: ????????????????
? 4.3,? 4.4???????????????????????????????
?????????????????????????????????????
???????????????CS??RLE-Crepe??????????????
?????????A???? 2?????HWd; HWXY ???????????
??????????????????????????????????????
???????CS??RLE-Crepe?????????????? (4.29)?? (4.30)
????????????????????A??????????? 50%???
??????????LUT????????LUT???????????LUT?
?????????????????????????????????????
????????????????????????????????? (2.20)?
??????????????
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? 4.3: ?????????????? (?????? 0.3[m])
?? df [m] A[A.U.] HWd[mm] HWXY [m]
? (2.20)????? 0.30000 1.0000 0.874 8.27
?????? (? (2.24)) 0.29992 0.9991 0.873 8.27
LUT???????????
CS?????? 0.29992 0.6488 0.881 8.44
CS??? (4.29)?? (4.30) 0.29992 0.9613 0.875 8.28
CS??? (4.26)?? (4.27) 0.29992 0.9758 0.874 8.27
CS??? (4.22)?? (4.23) 0.29992 0.9795 0.874 8.27
RLE-Crepe?????? 0.29992 0.6488 0.881 8.44
RLE-Crepe??? (4.29)?? (4.30) 0.29992 0.9613 0.875 8.28
RLE-Crepe??? (4.26)?? (4.27) 0.29992 0.9761 0.874 8.27
RLE-Crepe??? (4.22)?? (4.23) 0.29992 0.9795 0.874 8.27
LUT???? (2.20)????????
CS?????? 0.30000 0.6486 0.881 8.44
CS??? (4.29)?? (4.30) 0.30000 0.9611 0.875 8.28
CS??? (4.26)?? (4.27) 0.30000 0.9751 0.875 8.28
CS??? (4.22?? (4.23) 0.30000 0.9790 0.874 8.27
RLE-Crepe?????? 0.30000 0.6486 0.881 8.44
RLE-Crepe??? (4.29)?? (4.30) 0.30000 0.9611 0.875 8.28
RLE-Crepe??? (4.26)?? (4.27) 0.30000 0.9754 0.874 8.28
RLE-Crepe??? (4.22)?? (4.23) 0.30000 0.9790 0.874 8.27
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? 4.4: ?????????????? (?????? 1.0[m])
?? df [m] A[A.U.] HWd[mm] HWXY [m]
? (2.20)????? 1.00000 1.0000 0.873 8.27
?????? (? (2.24)) 0.99976 0.9831 0.877 8.27
LUT???????????
CS?????? 0.99976 0.5678 0.883 8.45
CS??? (4.29?? (4.30) 0.99976 0.8434 0.878 8.28
CS??? (4.26)?? (4.27) 0.99976 0.8563 0.877 8.28
CS??? (4.22)?? (4.23) 0.99976 0.8593 0.877 8.27
RLE-Crepe?????? 0.99976 0.5677 0.883 8.45
RLE-Crepe??? (4.29)?? (4.30) 0.99976 0.8434 0.878 8.29
RLE-Crepe??? (4.26)?? (4.27) 0.99976 0. 8562 0.877 8.28
RLE-Crepe??? (4.22)?? (4.23) 0.99976 0.8593 0.877 8.28
LUT???? (2.20)????????
CS?????? 1.00000 0.5724 0.881 8.44
CS??? (4.29)?? (4.30) 1.00000 0.8508 0.876 8.28
CS??? (4.26)?? (4.27) 1.00000 0.8636 0.875 8.27
CS??? (4.22)?? (4.23) 1.00000 0.8668 0.874 8.27
RLE-Crepe?????? 1.00000 0.5608 0.881 8.44
RLE-Crepe??? (4.29)?? (4.30) 1.00000 0.8508 0.876 8.28
RLE-Crepe??? (4.26)?? (4.27) 1.00000 0.8636 0.875 8.27
RLE-Crepe??? (4.22)?? (4.23) 1.00000 0.8668 0.874 8.27
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??????? ?????? ???????? ???????????????
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?????????????????
?????????????????
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?????????????????
?????????????????
?????????????????
???????????????
????????????????????????
????????????????????????
????????????????????????
???????????????
????????????????????????
????????????????????????
????????????????????????
? 4.9: CS??RLE-Crepe?????????????????????? (??
?? 0.3[m])
?
???
???
???
???
???
???
?????? ?????? ?????? ?????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
?????????????
????????
?????????????????
?????????????????
?????????????????
???????????????
????????????????????????
????????????????????????
????????????????????????
???????????????????
????????
?????????????????
?????????????????
?????????????????
???????????????
????????????????????????
????????????????????????
????????????????????????
??????? ?????? ???????? ???????????????
??
??
??
??
??
????
? 4.10: CS??RLE-Crepe?????????????????????? (??
?? 1.0[m])
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4.2.1.2 ???????????
?????????????????????????????? 50?????
???? 100???????????????????????????????
?????????????????????Peak Signal Noise to Ratio (PSNR)
??????????????????????????LUT??? (2.20)???
????????????????????????????? (2.20)?????
????????CGH????????????????????
???????????????????PSNR????Mean Opinion Score
(MOS)???????????????????????? 30[dB]? PSNR??
?????????????????????? [55]?????????????
???????????????????????? 1????????????
???? 30[dB]????????????? 4.5??????? 0.3[m]???CGH
??? 3; 840 2; 160????????PSNR?????????????????
??????????????????????????????????????
????? (3.1)??????????????????????????????
???????????????????????????????? (2.20)??
?????????????? 4.5??????????????????????
?????????????????????????????????????
??????????????????????????????????????
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4.2.2 ??????
? 4.5???????????????????????CS?????????
????? 8??????????RLE-Crepe?????? 9?????????
????? (0.3[m])??????????????? (1.0[m])??????????
?????LUT??????????????????????????????
?????????????????????????????????????
??????????????????
4.2.3 ??????
???? d??????????????????? V (d)??? (3.1)????
??????????? bl?????
V (d) = bl 
24d tan(sin 
2p
!) 1352 ; (4.35)
????????p? CGH????? SLM????????????????
?????????????????????????????????????
???????????? d????????????????????????
VCS(d)??
VCS(d) = bl 
24d tan(sin 
2p
!) 135 ; (4.36)
????? 4.6????????????? d???????????????? st
?????????L?LUT????????? (4.35)????????????
??????? LUT???????? 3.1[GB]???????CS??RLE-Crepe
????? (4.36)??? 2.5[MB]??????CS???????????????
? 1000?? 1????
? 4.6: ???????????
?????? d 0.3[m]
????? L 256
??????????? st 280[m]
??????  520[nm]
??????????? bl 8[byte]
SLM?????? p 8[m]
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(a)
(b)
(c)
? 4.11: ??????????????????1.0[m]?CGH ????
1,9201,080[pixels]??(a) ? (2.20) ??????(b)CS ??? (4.29) ? (4.30)?
(c)RLE-Crepe??? (4.29) ? (4.30)
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(a)
(b)
(c)
? 4.12: ??????????????????0.3[m]?CGH ????
3,8402,160[pixels]??(a) ? (2.20) ??????(b)CS ??? (4.29) ? (4.30)?
(c)RLE-Crepe??? (4.29) ? (4.30)
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(a)
(b)
? 4.13: ???????? (?????1.0[m]?CGH????1,9201,080[pixels]?
CGH?????RLE-Crepe??? (4.29) ? (4.30))?(a) ???????? 11,646
??(b) ?? 30,467?
41
4.3 ???
????????????????????? LUT????CGH??????
?????????????????????????????????????
????????????????????????????LUT???????
?????????????????????????????????????
???????????????????4.1.2.3???????????????
??? 4.3,? 4.4,? 4.5??????????????????????????
???????????????
??????????????????????????? S. C. Kim???
? [31]??????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
???????????????????????????????
42
?5? ??????????????
???????????
?????CGH?????????????????????????????
?/??????????? [34]????????
CGH???????? (2.20)??????????????????????
?????????????????????????????????????
???????????????????????????FPGA?GPU???
?????????????????????????????????????
??????????????????? 2?????????????????
? [24{26]?????????????????????????????????
??????????????????????????????????? [56,57]
????????? [27]????LUT????????????????????
?????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
??????????????????????CGH?????HORN????
?????????????????????????????????????
?????????????????? [15{17]?????FPGA???????
????????????????????????????? CGH?????
?????????????????????????????????????
??LUT??????????????????GPU????????????
????????????????????????FPGA??????????
?????????????????????????????????????
???????????????
????????????????????????????????????
?? LUT?????????????????????????????
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5.1 ????
?????? 2.6?????????????????????????????
??????????????????????????/???????????
?????????????????????????????????????
????????????????????????? 5.1??????????
??? 5.1???????x??????????? 1?????????????
???????????????????????????y?????????
?????????????? 3????????????????
5.1.1 ?1??
? 5.1(a)?????? 1??????????????????????????
???????????????????????????????????prj=
?????????? 5.1(a)?????????????????????????
????????????????? 2???????????????????
2??????????????? prj=??????????????????
??????????????????????????????????prj=
????? ?????????[0; 1]????
???????????????? 3=2?????????????? 0:75?
?????????????????????????????
5.1.2 ?2??
? 2?????? 5.1(b)????????? 1???????????????
??? (0.5)???????????????????????????????
??? 2??????? ?????????????
 = j  0:5j; (5.1)
????????j  j?????????????? ???????[0; 0:5]?
???
5.1.3 ?3??
???????????????????????????????????
??????????
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???????????? σ ( )????ρ− 0.5????ρ ( )λ
αj
pr
? ?? ?? ?? ?? ??? ??? jx−xα
??
??
??
??
??
???
?
????
?
???
???
???
? ?? ?? ?? ?? ??? ??? jx−xα
??
??
??
??
??
???
?
????
?
???
???
? ?? ?? ?? ?? ??? ??? jx−xα
??
??
??
??
??
???
?
????
?
???
???
????? ????? ?????σ σ
??
? 5.1: ??????????????(a)? 1???(b)? 2???(c)? 3??
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1. ?????????? 0:25????????????
2. ???????????? [ 1; 1]???????????
?????????????????????????1.???????????
?????????????????????????0.25?????????
??????????????????????????????????2.??
?? CGH????????????????????????????????
???????????CGH???????????????????
???????????? 5.1(c)?????????????????????
?????????????????????????????????????
????????????
5.2 ?????
4.2?????????????????????????????CGH???
?????????????????????????????????? (2.20)
??????????????????????????????
? 5.2,? 5.3,? 5.1,? 5.2???????????????????? 5.3?CGH
?????????????????????????????? CGH????
???????????????? 5.4,? 5.5?????????????? 5.6?
???
???????????????????????????
5.2.1 ????
4.2.1??????
1. ??????????????
2. ?????????
? 2???????????
5.2.1.1 ??????????????
4.2.1.1????????????? 5.1,? 5.2,? 5.2,? 5.3??????? d?
??????????????????????????A?CS??RLE-Crepe
?????????????????? 90%????????????????
?HWd; HWXY ??????????????????????????????
46
CS??RLE-Crepe????????????????????????????
????
? 5.1: ?????????????? (?????? 0.3[m])
?? df [m] A[A.U.] HWd[mm] HWXY [m]
? (2.20)????? 0.30000 1.0000 0.874 8.27
CS?????? 0.30000 0.6486 0.881 8.44
CS??? (4.29)?? (4.30) 0.30000 0.9611 0.875 8.28
CS??? (4.26)?? (4.27) 0.30000 0.9751 0.875 8.28
CS??? (4.22?? (4.23) 0.30000 0.9790 0.874 8.27
RLE-Crepe?????? 0.30000 0.6486 0.881 8.44
RLE-Crepe??? (4.29)?? (4.30) 0.30000 0.9611 0.875 8.28
RLE-Crepe??? (4.26)?? (4.27) 0.30000 0.9754 0.874 8.28
RLE-Crepe??? (4.22)?? (4.23) 0.30000 0.9790 0.874 8.27
???????????? 0.30000 0.9692 0.873 8.27
? 5.2: ?????????????? (?????? 1.0[m])
?? df [m] A[A.U.] HWd[mm] HWXY [m]
? (2.20)????? 1.00000 1.0000 0.873 8.27
CS?????? 1.00000 0.5724 0.881 8.44
CS??? (4.29)?? (4.30) 1.00000 0.8508 0.876 8.28
CS??? (4.26)?? (4.27) 1.00000 0.8636 0.875 8.27
CS??? (4.22)?? (4.23) 1.00000 0.8668 0.874 8.27
RLE-Crepe?????? 1.00000 0.5608 0.881 8.44
RLE-Crepe??? (4.29)?? (4.30) 1.00000 0.8508 0.876 8.28
RLE-Crepe??? (4.26)?? (4.27) 1.00000 0.8636 0.875 8.27
RLE-Crepe??? (4.22)?? (4.23) 1.00000 0.8668 0.874 8.27
???????????? 1.00000 0.8824 0.874 8.27
5.2.1.2 ???????????
4.2.1.2???????????????? 5.3???????????????
??CGH????????????????????? 30[dB]????????
??????????????????????CS??RLE-Crepe??????
?????????????????????????????????????
????????????????????
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???????????????????
?????????????????
????????????????????????
????
? 5.2: ????????????????????????????? (????
0.3[m])
?
???
???
???
???
???
???
?????? ?????? ?????? ?????? ?????? ?????? ?????? ?????? ?????? ?????? ??????
??
??
??
??
??
????
???????????????????
?????????????????
????????????????????????
????
? 5.3: ????????????????????????????? (????
1.0[m])
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? 5.4: ??????????????????1.0[m]?CGH ????
1,9201,080[pixels]?
5.2.2 ??????
? 5.3????????????????? (2.20)????????????? 5
?????????????????????????????????????
?????????????????????????????????????
5.3 ?????????????
? 5.7??????????????????????????????????
??????? 1?????????????????????????????
?????????????????????? 2??? ??????????
5.7???????? (5.1)? \ 0:5"?????????????????????
???????????????????????????LUT????????
??????????????????????
50
? 5.5: ??????????????????0.3[m]?CGH ????
3,8402,160[pixels]?
5.4 ???
????????????????????????????????????
?????????????????????CPU?????????????
????????????????????????????????? CS??
RLE-Crepe????????????FPGA?GPU?????????????
?????????????????????????????????????
????????????????????????????????CGH???
???????????????????????????????????
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(a)
(b)
? 5.6: ???????? (?????1.0[m]?CGH????1,9201,080[pixels])?
(a) ???????? 11,646??(b) ?? 30,467?
52
Sign bit
0.5
(Fractional Part)
σ
λ
αj
pr
ρ
Absolute-value function
? 5.7: ????????????
53
?6? ????
??????CGH????????????????LUT?????????
?????????????????????????? 3??????????
???CGH????????????CGH?????????????????
???CPU????????????????????????????????
????????????????????? CGH?????????????
???????????????????????????????????
?????????CPU?GPU? FPGA?????????????????
??????????????????????????????????????
??????????CS??RLE-Crepe??LUT???????????????
?????????????????????????????????????
???????????????????????? Intel Xeon Phi [58]?????
???? 1?????????????????????????????????
?????????????????FPGA??????????????FPGA
???? CGH????? HORN [15{17]??????????????????
???2016??????????????HORN-8??????????????
?????
??????????????????????????CGH????????
?????????????????????????????????????
??????????????????????????????????????
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